Abstract: Estuarine material circulation depends on the presence of both phytoplankton and suspended microphytobenthos in the water column. However, the spatial distribution of suspended microphytobenthos and phytoplankton in estuaries is poorly understood. In this study, the abundance of suspended microphytobenthos and phytoplankton in the water column was determined along the salinity gradient in Lake Furen, Japan, from April to October 2015. Throughout the study period, surface and bottom salinity changed horizontally from <10 to >30. Phytoplankton was the main contributor to spatial increases in total cell abundance in mesohaline water as a result of the lake s hydrographic characteristics and water quality. The suspended microphytobenthos cell abundance in the surface and bottom water decreased with increasing salinity and was affected by the depth gradient. Suspended microphytobenthos cell abundances increased with depth (∼10 and 20% of total cell abundance in the surface and bottom water, respectively), which indicated that they were derived from microphytobenthos on the seafloor. The dominant suspended microphytobenthos taxa (Cocconeis spp. and Melosira varians) were mainly distributed in oligo-and mesohaline water, with peaks in mesohaline bottom water. In contrast, the dominant phytoplankton taxa (Skeletonema spp., Heterocapsa triquetra, and Prorocentrum spp.) were abundant at different salinity levels. The spatial distribution of dominant benthic and planktonic species in the water column was influenced by their tolerance to salinity. Our results suggest that suspended microphytobenthos contribute to microalgal communities in estuaries, especially those in bottom waters. Quantification of phytoplankton and suspended microphytobenthos will allow a better understanding of the effects of their spatial distribution on estuarine material circulation.
Introduction
Because of the complexity of estuarine processes, estuaries are not well understood in terms of material circulation (Montani 2014) , which has delayed their sustainable usage and management. Estuaries are considerably dynamic systems characterized by strong physico-chemical gradients, substantial biological productivity, and intense sedimentation and resuspension (Ketchum 1983 ).
An estuary should be considered a set of subsystems standing in a row from a river mouth to a channel (Loreau et al. 2003) . Further spatial observations based on this perspective are needed to comprehend estuarine material circulation. A common and significant feature of estuaries is that the physical and chemical elements fluctuate spatially from river mouths to channels (Cloern 1996) . This causes spatial changes in biological elements, such as phytoplanktonic primary production (Boynton & Kemp 2008) and food web structure (Deegan & Garritt 1997 , Kanaya et al. 2007 within an estuary, which eventually affects material circulation. Salinity has served as a convenient natural tracer in studies of estuarine water quality (Smith 1994) . It has been particularly useful as an indicator of the spatial distributions of various elements, such as flushing times (Hall et al. 2013) , nutrients (Boynton & Kemp 2008) , and phytoplankton communities (Carstensen et al. 2015) .
Estuarine material circulation depends on phytoplankton (PPL) and suspended microphytobenthos (SMPB) in the water column (De Jonge & Van Beusekom 1992) . Microphytobenthos (MPB) on sediments and/or plants (Yamaguchi 2011) are food sources for both deposit and filter feeders (De Jonge & Van Beusekom 1992 , Komorita et al. 2014 . This is because of their significant production comparable to that of PPL (Cahoon & Cooke 1992 , Gillespie et al. 2000 and their suspension in the water column as SMPB. SMPB reportedly can comprise between 15-42% and <50% of the depth-integrated total cell abundance (Lucas et al. 2001 , Kasim & Mukai 2006 , <60% of the depth-integrated chlorophyll a (Chl.a) (De Jonge & Van Beusekom 1992) , and 48% of the depth-integrated particulate organic carbon (POC) (Suga et al. 2011) .
However, the spatial distributions of PPL and SMPB in estuaries are poorly understood (De Jonge & Van Beusekom 1992) . The spatial distribution of microalgae in the water column has primarily been evaluated by dividing the species composition into classes and/or species, rather than by functional groups such as PPL and/or SMPB (Potapova 2011, Carstensen et al. 2015) . The spatial distributions of PPL and SMPB need to be clarified to determine estuarine material circulation.
Lake Furen possesses spatial variability in physicochemical properties common to estuaries, and PPL and MPB that inhabit the lake enable us to comprehensively evaluate their spatial distributions as suspended in the estuarine water. Lake Furen is a semi-enclosed estuary located in the east of Hokkaido Prefecture, Japan. This lake is characterized by spatial changes in water quality, and spatial changes in surface salinity from a value of 2.8 upstream to 32.5 downstream . The watershed possesses vast dairy-farming areas, and inflowing rivers load the lake with anthropogenic nutrients. Montani et al. (2011) reported that dissolved inorganic nitrogen (DIN; sum of nitrate, nitrite, and ammonia) was high in inflowing rivers (6.2-121 µmol L −1
) and decreased towards the channel (0.61-4.7 µmol L −1 ), as were phosphate (0.50-2.0 to 0.33-0.56 µmol L −1 from river to channel), and silicate (∼100-600 to 10-20 µmol L −1 from river to channel).
These allochthonous inputs are assimilated by PPL, which bloom at a surface salinity of 10-20 . Additionally, because of its shallowness (average depth of 1.0 m, except for water routes), >1% of surface irradiance reaches the bottom water at all depths in the lake; therefore, all layers are in the photic zone (Tsuji et al. in preparation) . MPB biomass on sediments in the shallow area of the lake exceeds microalgal biomass in the water column by two-to three-fold (Tsuji & Montani 2016) . MPB on vast seagrass beds also develop in the shallow area of the lake (Tsuji et al. unpublished data) . The objective of our study was to evaluate the spatial distributions of SMPB and PPL in Lake Furen. In this study, SMPB cells were predicted to be extensively distributed, but to decrease in abundance along the lake s increasing salinity and depth gradients. Vertical increases in SMPB were also expected to be observed assuming that SMPB are derived from MPB on the seafloor. The dominant SMPB species in the lake were thought to be common as a result of their high salinity tolerance. In contrast, PPL communities were predicted to be more abundant than SMPB in the lake, to be present at higher cell abundances, particularly in mesohaline water, and to be affected by hydrographic patterns and the presence of highly concentrated nutrients. Each dominant PPL species was expected to be abundant at different salinity levels because of their different salinity tolerances.
Materials and Methods

Field sampling
Lake Furen (43°19′46.5″N, 145°15′27.8″E) is located in the east of Hokkaido Prefecture, Japan (Fig. 1) . The lake area is approximately 58 km 2 . The lake extends east and west along the coast, and seawater flows in and out through two channels in the southeast part. The tidal range is microtidal (0.20-0.35 m (Hagino et al. 1980) ). Three major rivers (Furen, Yaushubetsu, and Pon-yaushubetsu Rivers) flow in from the northwest side of the lake. The Furen River has the largest watershed (596 km 2 ), which accounts for 60% of the total (Mikami & Igarashi 2014) . Lake Furen is approximately 1-m deep, with the exception of water routes that cause it to deepen towards the main channel (maximum depth: 11 m). Seagrasses (Zostera marina L.) fill approximately 67% of the lake area, and their aboveground biomass ranges seasonally between 16 and 318 g dry weight m −2 (Tokoro et al. 2014) . The lake freezes from December to March. Observations were conducted at 10 stations, seven inside the lake and three in each of the three rivers (Fig. 1) At each station, abiotic and biotic data were collected at the surface and in bottom water. Surface water was collected directly into a 1-L polyethylene bottle. Similarly, bottom water was collected with a submersible pump lowered to 10 cm above the seafloor. Vertical profiles of salinity and temperature were measured with a multi-parameter water quality sonde (YSI 6600, YSI Incorporated, OH, USA) lowered from a small vessel. We were unable to collect a bottom water sample from Stn.L16 in October because of poor weather conditions. Samples were kept in a cool, dark container during observations. Each observation period lasted <4 hours.
Sample treatment
Microalgal cells were counted in 67 samples. Each sample (100-200 mL) was fixed with acidic Lugol s iodine solution within 12 hours of collection (Edler & Elbrächter 2010) . Each fixed sample was kept in the dark for >48 hours to ensure that all of the particulate matter had sunk. The supernatant was then slowly removed with a thin polyethylene tube to obtain concentrated samples (10 mL). These concentrated samples were centrifuged (3,000 g, for 15 minutes) to divide the particulate matter and supernatant. Before cell counting, we removed the supernatant and generated final concentrated samples (1-7 mL). Cells in 2.5 mm 3 of each mixed final-concentrated sample were counted using an eosinophil counter (TATAI, FUJIRIKA Incorporated, Osaka, Japan) and a light microscope.
We regarded pigmented cells that retained more than two-thirds of their cytoplasm as living, and these cells were counted. Empty and/or mostly broken cells (dead cells) and cells attached to leaf discs contained in the samples were not counted. Species were identified as described by Fukuyo et al. (1990) , Chihara & Murano (1997) , Yamagishi (1999) , and Kobayashi et al. (2006) . Species that could not be identified at the species level were labelled as either sp. or, sp. 1 or 2 at the end of each genus name. Taxa that included several species were labeled as spp.
Taxa were then grouped into either PPL or SMPB. In accordance with previous studies, the species that spend most of their lifecycle in the water column were classified as PPL. In the present study, tychoplankton species (Vos & De Wolf 1993) were included in PPL. Prorocentrum were classified as PPL because they did not appear in Lake Furen sediments (Tsuji et al. unpublished data) . Species that only inhabited substrates were classified as SMPB. The other species inhabiting both the water column and substrates were classified as SMPB, but only when they were directly observed on sediments and/or seagrasses in Lake Furen during the same study period (Tsuji et al. unpublished data) . The cell abundances of PPL and SMPB species were summed and expressed as the total cell abundance.
The cell-count data from the surface and bottom waters were arbitrarily separated into Groups A to G according to surface salinity, which mostly increased with distance from the mouth of each river. The surface salinity ranges assigned to each group were as follows: Group A: 0.00-4.99, Group B: 5.00-9.99, Group C: 10.00-14.99, Group D: 15.00-19.99, Group E: 20.00-24.99, Group F: 25.00-29.99, and Group G: 30.00-34.99. We employed a slightly modified Venice (1958) system, to define Group A (0.00-4.99) as oligohaline, Groups B-D (5.00-19.99) as mesohaline, Groups E and F (20.00-29.99) as polyhaline, and Group G (30.00-34.99) as euhaline. Cell-count data from surface and bottom waters were then compared by the Wilcoxon signed-rank test with a significance level of 0.05. Riverine data were not subjected to the salinity-based or depthbased classification scheme described above.
We also examined the spatial distributions of dominant PPL and SMPB species in surface and bottom waters, respectively. We considered species where the cell abundance constituted >2.0% (median throughout this study) of the total cell abundance, and that occurred over ≥3 months, as dominant. Each dominant species was then classified into Groups A to G.
Results
Salinity and temperature
Changes in surface and bottom salinities were clearly observed from the river mouth to the channels (Fig. 2) . There was a linear increase in surface salinity from the mouth of the Furen River to the channel in the order of Stn.L1, Stn.L2, Stn.14, Stn.L16 (Fig. 2(a) (Fig. 2(b) ). The CV of mean bottom salinity at each station decreased from Stn.L1 (0.28), through Stns.L2 and L14, to Stn.L16 (0.00). The difference in bottom salinity between Stn.L1 and Stn.L16 ranged between 14.92 and 21.50 in every month. Mean bottom salinities (with CV) at Stn. L5, Stn.L7, and Stn.L8 were 15.67±5.29 (0.34), 15.62±3.65 (0.23), and 19.03±5.38 (0.28), respectively. Salinity increased with depth in Lake Furen, being 3.87±2.74 higher in the bottom layer upstream, and 2.86±3.60 higher in the bottom layer downstream. As for riverine stations, surface salinity was <1.00 throughout the study, except for Stn.Y3 in August and October (Stn.Y3: 3.70 in August and 6.70 in October).
Temperature was more stable than salinity from the river mouth to the channels (Fig. 2) . The differences in surface temperature between Stn.L1 and Stn.L16 were <5.0°C in every month ( Fig. 2(a) ). Mean surface temperatures at the seven stations in Lake Furen were highest in August (6.2±0.6°C in April, 16.9±2.0°C in June, 19.3±1.5°C in August, and 11.8±0.7°C in October). Bottom temperature also changed seasonally (6.0±1.0°C in April, 16.6±1.9°C in June, 19.2±1.7°C in August, and 12.0±0.6°C in October) ( Fig. 2(b) ). Vertical changes in temperature were <1.0°C throughout the lake.
Total and suspended microphytobenthos cell abundances in the water column
Based on surface salinity, the upstream stations (Stn.L1, Stn.L2, Stn.L5, Stn.L7, and Stn.L8) were mostly classified into Groups A to E (Table 1) . The downstream stations (Stn.L14 and Stn.L16) were mostly in Groups F and G.
Total maximum cell abundances in surface and bottom water varied greatly but tended to be higher in Groups B-D (Fig. 3) . Total cell abundance in surface water mainly ranged between 0.5 and 2.0 10 6 cells L −1 throughout the seven groups ( Fig. 3(a) ). Values were more heterogeneous in Groups C and D, which exhibited the highest values among all groups (maximum 25 and 9.3 10 6 cells L −1
, respectively). Total cell abundance in the bottom water varied within a similar range to that of the surface water (Fig.  3(b) ) and tended to be higher in Group B (median: 4.0 10 ). No changes in the total cell abundance with depth were observed at any of the stations. Total cell abundances at the riverine stations were less than those in the lake, and increased with increasing salinity: 0.12±0.11 10 6 cells L −1 (salinity: <1.00) and 0.78±0.73 10 6 cells L −1 (salinity: ≥1.00).
SMPB cell abundance in surface and bottom waters decreased with increasing salinity (i.e., from Groups A to G), with maximum values observed in Groups C to E in bottom water (Fig. 4) . SMPB cell abundance in the surface water was highest in Group A (median: 0.26 10 6 cells L ), with the exception of Group F (Fig.  4(a) ). SMPB cell abundance in the bottom water was also highest in Group A (median: 0.24 10 6 cells L −1
) and lowest in the highest salinity groups (Groups F and G, medians: 0.039 and 0.060 10 6 cells L −1
, respectively) ( Fig.  4(b) ). However, it tended to be more heterogeneous between Groups C and E, and the maximum levels were also found in these groups (maximum cell abundance of SMPB: 0.59 10 6 cells L −1 in Group B, 0.45 10 6 cells L −1
in Group C, and 0.48 10 6 cells L −1 in Group D). Depthrelated differences in SMPB cell abundances were significant (Wilcoxon signed-rank test, p=0.02) (Fig. 5) . They comprised ∼10 and 20% of the total cell abundances in the surface and bottom waters, respectively.
Dominant species cell abundances in the water column
Throughout this study, SMPB and PPL species of various sizes appeared in the water column (Table 2) . Twelve Bacillariophyceae species were identified as SMPB, and 20 species belonging to Bacillariophyceae, Dictyochophyceae, Dinophyceae, or Euglenophyceae species were identified as PPL. The cell volumes of the SMPB and PPL species ranged between 0.0037 and 11 10 4 µm 3 cell −1
, and between 0.10 and 4.4 10 4 µm 3 cell −1
, respectively. Several SMPB and PPL taxa observed in the water column were classified as dominant. The dominant taxa included one SMPB (Cocconeis spp.) and three PPL taxa (Skeletonema spp., Heterocapsa triquetra (Ehrenb.) Stein, and Prorocentrum sp.). Additionally, Melosira varians C. Agardh (Fig. 6) , which had the second-largest cell volume (3.8 10 4 µm 3 cell
) of all SMPB, and was larger than the four dominant taxa by one to two orders of magnitude (Table 2) , frequently appeared near river mouths. Heterogeneity in M. varians cell abundances is also shown in Fig. 6 . The median relative abundance of M. varians cells among the total cell abundance was 0.7% (surface) and 0.8% (bottom).
The cell abundances of both Cocconeis spp. and M. varians in the surface and bottom waters were usually lower than those of Skeletonema spp., H. triquetra, and Prorocentrum sp. (Fig. 6) , respectively, throughout the seven groups. Those of Skeletonema spp., , respectively. Compared with the dominant PPL species, the dominant SMPB species exhibited less heterogeneity in cell abundances from oligo-to mesohaline water, and were more abundant in the bottom water (Fig. 6) . Cocconeis spp. appeared from oligo-to mesohaline waters and were particularly abundant in Groups C and D in the bottom water (maximum: 1.1 10 6 and 0.31 10 6 cells L , respectively). As for the dominant PPL species, Skeletonema spp. were abundant in Groups C to G, and H. triquetra was most abundant in mesohaline water (maximum: 25 10 6 and 8.7 10 6 cells L −1
, respectively). Prorocentrum sp. was distributed from Groups B to G, but were most abundant in meso-and polyhaline water. The cell abundances of the dominant PPL species tended not to vary with depth.
Discussion
Spatial patterns of total cell abundances in the water column
Surface salinity could be utilized as a proxy for the spatial distribution of microalgal communities in the surface and bottom waters of Lake Furen. Throughout this study, surface salinity increased consistently from the river mouth to channels (Fig. 2) . Surface salinity ranged from 8.11±3.38 at Stn.L1, to 30.10±3.53 at Stn.L16, with large differences (>20) between upstream and downstream stations each month. However, bottom water salinity in Lake Furen remained only relatively higher than surface water salinity by 3.87±2.74 upstream and by 2.86±3.60 downstream. Spatial patterns of salinity similar to those described here, have previously been observed in Lake Furen (surface salinity in the lake ranged from <5 to >30, Montani et al. 2011) , and these spanned the salinity ranges observed in many other semi-enclosed estuaries (e.g., Boynton & Kemp 2008). We speculate that variation in total cell abundance in the surface and bottom water increased in Groups B to D because of the lake s hydrographic characteristics and water quality. Total cell abundances in this study were consistent with those reported for many other semi-enclosed estuaries located in temperate areas, e.g., Chesapeake Bay (1.0-10 10 6 cells L (Fig. 3) , which echoed the spatial distribution of maximum cell abundances of the dominant PPL species (Fig. 6) . Montani et al. (2011) also observed high Chl.a in surface waters in Groups C to D in Lake Furen, and estimated that the PPL there assimilated >50% of riverine DIN and phosphate. Watanabe & Kuwae (2015) reported that autochthonous PPL accounted for <83% of POC in Groups B to E in Lake Furen. Such spatial variability in PPL biomass in Lake Furen is likely due to variability in flushing time along the salinity gradient, as shown by Hall et al. (2013) . These authors reported that PPL biomass peaked when the flushing time was approximately four days and salinity was in the range of 3-18 in New River Estuary, North Carolina, USA, and that this reflected a balance between nutrient stimulation of PPL biomass and advective losses associated with river flow. In fact, the upstream surface current in Lake Furen reverses its flow in accordance with tidal movement (Hamada et al. 2011) , which indicates that water retention occurs on the upstream channel side. Therefore, total cell abundances occasionally peaked in Groups B to D where riverine DIN and phosphate fueled the growth of PPL retained there. As for total cell abundances in Group A, these did not increase because PPL communities were flushed out by riverine discharge.
Horizontal and vertical distribution patterns of suspended microphytobenthos in the water column
Although SMPB were extensively distributed, being more abundant upstream and decreasing downstream in Lake Furen (Fig. 4) , this spatial pattern was not attributable to riverine SMPB. Total cell abundance in inflowing rivers (salinity: <1.00) was one-order of magnitude lower than in Lake Furen. However, the dominant SMPB species in the lake included Cocconeis spp., which decreased in cell abundance towards the channels (Fig. 6 ). This genus includes both riverine and coastal species. Therefore, we compared the abundances of total river-derived Cocconeis cells from the three inflowing rivers and the total abundances of Cocconeis cells suspended from seagrasses into the water column upstream (seagrass-derived Cocconeis). were loaded into the lake. However, assuming that the upstream area of Lake Furen is 20 km 2 , including 14 km 2 of seagrass beds, and that the concentrations of Cocconeis inhabiting the seagrass beds were 3.0 10 6 cells m −2 on average (Tsuji et al. unpublished data) , a total of 4.2 10 13 Cocconeis cells were present on seagrass beds in the upstream area of Lake Furen. If 10% of these were suspended from seagrasses into the water column in the upstream area, there would have been 4.2 10 12 seagrass-derived Cocconeis cells in the water column. Therefore, river-derived Cocconeis cells would have remained at 5.2% (per day) of the number of suspended seagrass-derived Cocconeis, which indicated that Cocconeis spp. in Lake Furen surface and bottom waters were mostly composed of seagrass-derived cells. We conclude that the numerical predominance of seagrass-derived Cocconeis over other Cocconeis spp.
(dominant SMPB species) in the water column indicates that the SMPB in the water column were mainly comprised of MPB derived from sediments and seagrasses in the lake. However, the downstream stations (Stn.L14 and Stn.L16) were located in deeper waters in Lake Furen and thus, MPB on sediments and seagrasses at these stations were most probably less abundant than those in shallower areas because of the poor light conditions, as previously reported by Yamaguchi (2011) . Therefore, a decrease in SMPB cell abundance was observed in surface and bottom waters along increasing salinity and depth gradients.
Increased SMPB cell abundance in the bottom waters with peaks in Groups C to E further suggested that SMPB were derived from the seafloor, and were probably constrained to bottom waters by the weakly stratified conditions. In this study, SMPB cell abundances increased significantly in the bottom water compared with the surface water (Fig. 5) . Therefore, we could confirm that the abundant MPB on the seafloor became suspended, especially in the bottom water layer. As shown by the vertical distribution of salinity and temperature (Fig. 2) , tidal and wind energy trigger vertical mixing in the water column and cause MPB to be suspended in Lake Furen, as reported for other water bodies by Nixon (1988 ), De Jonge & Van Beusekom (1992 , and Lucas et al. (2000) , likely being trapped in the bottom water in the weakly stratified conditions observed upstream. Consequently, SMPB comprised ∼10 and 20% of the total cell abundances in the surface and bottom waters, respectively. This value is consistent with that reported for other temperate estuaries, e.g., Westershelde Estuary (15-42%, Lucas et al. 2001) and Akkeshi-ko Estuary (<50%, Kasim & Mukai 2006) .
Spatial distribution of dominant species in the water column
The dominant PPL taxa (i.e., Skeletonema spp., Heterocapsa triquetra, Prorocentrum sp.) were more abundant than the dominant SMPB taxa (i.e., Cocconeis spp., Melosira varians) and mainly contributed to the variability in the total cell abundances observed in Groups B to D (Figs. 3 and 6 ). However, both Cocconeis spp. and M. varians were extensively distributed from oligo-to mesohaline waters in Lake Furen, and were more abundant in bottom than in surface waters (Fig. 6) .
Based on the spatial patterns of salinity and the occurrence of seagrass beds, Cocconeis spp. were suspended in oligo-to mesohaline water in Lake Furen (Fig. 6) . In estuaries, Cocconeis spp. are the dominant taxa on seagrasses (Jakobs & Noten 1980 , Potapova 2011 , Tiffany 2011 and are common at salinities of 8.8-21.4 (Jakobs & Noten 1980) . Facca et al. (2002) showed that MPB biomass on seagrasses was related to seagrass biomass. In Lake Furen, seagrass beds are dense, except in the deep-water channels (Watanabe & Kuwae 2015, Tsuji et al. unpublished data) . Therefore, Cocconeis spp. appeared in oligo-to mesohaline waters at all shallow stations.
The distribution of M. varians was affected by salinity (Fig. 6 ). Melosira appears from freshwater to coastal water (Marshall & Alden 1990 , Mallin 1994 , Muylaert et al. 2009 , Potapova 2011 ; however, M. varians was not observed in riverine water during this study, except at Stn.P1 in June (4.0 10 3 cells L
−1
). The spatial distribution of M. varians in estuaries is broad, but reflects its weak tolerance for seawater (Fischer 1986) , which presumably limited its distribution to oligo-and mesohaline water in Lake Furen (Fig. 6) .
The spatial distributions of the dominant PPL taxa in Lake Furen differed because of their differing salinity tolerances (Fig. 6) . Carstensen et al. (2015) reported that PPL blooms were mainly composed of diatoms and dinoflagellates throughout the salinity gradient (0-33) in eight estuaries located north of 30°N in North America and Europe, as also found during the present study. They also reported the spatial distributions of Skeletonema costatum (Grev.) Cleve, H. triquetra, and Prorocentrum cordatum (Ostenf.) J.D.Dodge, which formed blooms at salinities of 14-28, 6-15, and 6-15, respectively. Other studies have confirmed that Skeletonema, H. triquetra, and Prorocentrum occur at salinities of 15->30, 10-30, and 6->30 (Brand 1984 , Rijstenbil 1988 , Marshall & Alden 1990 , Mallin 1994 , Litaker et al. 2002 , Shikata et al. 2008 . In the present study, Skeletonema spp., H. triquetra, and Prorocentrum sp. dominated at the same salinity levels as those described above. Because of their species-specific salinity tolerances (Kirst 1989 ), PPL taxa appeared at different salinity levels in Lake Furen, as has been observed in many other estuaries (Brand 1984 , Rijstenbil 1988 , Marshall & Alden 1990 , Mallin 1994 , Litaker et al. 2002 , Shikata et al. 2008 , Carstensen et al. 2015 .
Estuarine suspended microphytobenthos and phytoplankton: the significance of their spatial distribution for estuarine material circulation In summary, our study revealed the spatial distributions of SMPB and PPL in the estuarine waters of Lake Furen. SMPB cell abundance was less than PPL cell abundance, with PPL being the main contributor to total cell abundance in meso-and euhaline waters. However, our results suggest that SMPB may play important roles in the microalgal communities from river mouths to channels, particularly in the bottom waters of shallow areas. Both PPL and SMPB were composed of several dominant species, which appeared at different salinity levels. Our findings suggest that both PPL and SMPB contributed to estuarine material circulation, and that their distributions differed spatially. SMPB are also considered an important food source for filter feeders inhabiting the shallow areas of estuaries (De Jonge & Van Beusekom 1992 , Komorita et al. 2014 ; therefore, our results provide data on possible spatial differences in food web structure in estuaries (Deegan & Garritt 1997 , Kanaya et al. 2007 , which affect the processes of material circulation. In future studies, the biomass of PPL and SMPB in the Lake Furen water column should be quantified to further our understanding of their roles in estuarine material circulation.
